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Abstract—Observations of the aerosol optical thickness (AOT)
by the Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments aboard Terra and Aqua satellites are being used ex-
tensively for applications to climate and air quality studies. Data
quality is essential for these studies. Here we investigate the effects
of unresolved clouds on the MODIS measurements of the AOT.
The main cloud effect is from residual cirrus that increases the
AOT by 0 015 0 003 at 0.55 m. In addition, lower level clouds
can add contamination. We examine the effect of lower clouds
using the difference between simultaneously measured MODIS
and AERONET AOT. The difference is positively correlated with
the cloud fraction. However, interpretation of this difference is
sensitive to the definition of cloud contamination versus aerosol
growth. If we consider this consistent difference between MODIS
and AERONET to be entirely due to cloud contamination we get a
total cloud contamination of 0 025 0 005, though a more likely
estimate is closer to 0.020 after accounting for aerosol growth.
This reduces the difference between MODIS-observed global
aerosol optical thickness over the oceans and model simulations
by half, from 0.04 to 0.02. However it is insignificant for studies of
aerosol cloud interaction. We also examined how representative
are the MODIS data of the diurnal average aerosol. Comparison
to monthly averaged sunphotometer data confirms that either the
Terra or Aqua estimate of global AOT is a valid representation of
the daily average. Though in the vicinity of aerosol sources such
as fires, we do not expect this to be true.

Index Terms—Aerosol, cirrus, cloud, Moderate Resolution
Imaging Spectroradiometer (MODIS), remote sensing.
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I. INTRODUCTION

TWO Moderate-Resolution Imaging Spectroradiometers
(MODIS) [1] were launched into polar orbit: aboard the

Terra satellite in December 1999 and the Aqua satellite in
May 2002. One of their primary missions is to observe the
global aerosol system and its impact on climate and air quality.
MODIS reports aerosol data at 10-km resolution, which is
further aggregated to provide more condensed global data
products at 1 resolution [2]. Surveys using internet-based
search engines show that MODIS aerosol data were used in
at least 28 papers published in 2004, alone. They show that
MODIS data are used for the following:

—descriptions of the regional, seasonal, and global distribu-
tion of aerosols, and their relationship to other pollutants
[3]–[15];

—studies of the effect of aerosol on atmospheric chemistry
and local air pollution [16]–[18];

—measurements of the aerosol effect on distribution of
solar radiation and consequent radiative forcing of climate
[19]–[24];

—regional aerosol characterization [25]–[28];
—studies of the aerosol interaction with the meteorological

field and with clouds [29], [30],
Each application has different requirements for data avail-
ability, and for absolute and relative accuracy. In this paper
we shall concentrate on examination of the MODIS aerosol
data over oceans. Extensive comparison of these data against
ground-based measurements by the sunphotometers of the
Aerosol Robotic Network (AERONET) [2], [31], [32] have
been used to quantify and validate the MODIS aerosol data
quality. They concluded that MODIS aerosol data over the
ocean meet the expected accuracy [33], meaning that retrieved
AOT errors are , where is the aerosol
optical thickness (AOT). Slightly higher errors were found
for dust [34]. Since the MODIS-observed multiyear global
averaged AOT over the ocean [35] is about an error
of may be quite significant.

In this paper we critically examine the MODIS aerosol data
over oceans, looking for cloud contamination and diurnal sam-
pling issues that may create biases in applications based on the
long-term statistics from MODIS aerosol products. First we re-
view the MODIS aerosol products in Section II and validation in
Section III. Then, we study what portion of this uncertainty is a
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bias due to contamination by cirrus clouds (Section IV), or due
to lower level clouds (Sections V). Section VI discusses how a
relationship between cloud and aerosol retrievals could either
be physically real or an artifact. We end with an analysis of how
representative the MODIS data are of the daily averaged aerosol
(Section VII).

II. MODIS AEROSOL PRODUCT

Above the oceans, the aerosol algorithm [33] derives the
aerosol optical thickness and aerosol size distribution from
MODIS spectral reflectance data, at a nominal resolution of
10 km (at nadir). Within this 10-km resolution, there are 400
MODIS data pixels at 0.5-km resolution, insuring good statis-
tical representation of the 10 10 km box. Aerosol products
are retrieved providing that the target is at least 40 off the
sunglint angle, and the scene is sufficiently free of clouds and
surface inhomogeneities. Cloud screening is applied using com-
binations of spatial variability [37] tests in the visible channels
and cirrus detection using the cirrus channel at 1.38 m [38].
The spatial variability mask also eliminates data points that are
adjacent to the clouds. On average, the fraction of data points
being eliminated by the screening mechanism is 80% higher
than the fraction of cloudy pixels being analyzed in the cloud
products [39]. The pixels remaining after cloud screening are
used to derive the aerosol properties. Requiring a minimum of
ten cloud-free pixels, the average of the 25th to 75th percentile
(sorted by reflectance) of these pixels is assumed to be repre-
sentative of the average cloud-free conditions. This average is a
robust value that was expected to completely eliminate residual
contamination by clouds and cloud shadows which may have
remained after the cloud screening and occupy an area less than
25% of the 10-km grid box.

III. MODIS AEROSOL VALIDATION

First we shall review the MODIS validation studies and their
relevance to understanding measurement bias and errors. The
MODIS aerosol data are compared against measurements from
the surface based AERONET. Over each AERONET site, av-
erages are calculated, such that the AERONET data are aver-
aged in time ( min) and MODIS data are averaged in space
( km) [40]. This range of the MODIS spatial coverage and
the AERONET temporal coverage was chosen as to minimize
aerosol variability [41], and to maximize data availability in the
presence of clouds. Winds that can shift the aerosol across the
validation grid box generate a coupling between the aerosol spa-
tial and temporal variability. Winds of 5–10 m/s during the 1 h
of AERONET measurements shift the aerosol by 20–40 km.

AERONET has about 200 locations around the world that
measure the spectral extinction of direct sunlight and spectral-
angular properties of scattered sky radiances. Together they pro-
vide estimates of the spectral AOT as well as aerosol size dis-
tribution and optical properties. The coverage is best over con-
tinental Europe and North America, and less dense over the
oceans, due to the need for either islands or sea-shores for in-
strument installation. However, given the now, nearly five years
of both MODIS and AERONET observations, there are enough

colocated measurements to understand the statistics of the vali-
dation efforts [32], [42].

A valid comparison is considered when AERONET reports at
least two values (out of the possible four to five measurements)
during the hour and MODIS reports at least five measurements
(over the ocean segment of the 25 measurements) in the grid box
of 50 km. The AERONET data accuracy [43] is at
airmass , where airmass is cosine of the solar zenith angle.
For all latitudes and seasons the uncertainty is reduced to 0.01.

This validation protocol requires that both MODIS and
AERONET data are observed under sufficiently clear condi-
tions, meaning that MODIS validation is biased toward low
cloudiness conditions. In fact, we found that the cloud fraction
over the ocean, averaged over the entire validation dataset, is
30%, which is about half the average cloud fraction otherwise
observed by MODIS. We note that the cloud fraction is de-
fined here as the fraction of the pixels that were rejected from
analysis by the aerosol algorithm. For a broken cloud field it
is larger than the actual cloud fraction since cloud-free pixels
adjacent to the cloud are also rejected. This clear-sky bias to
the validation set may imply biases to estimates of global AOT
and other aerosol properties.

Is it possible, despite the rigorous cloud screening and the
25th to 75th percentile selection of data, that some cloud inter-
ference will remain in the aerosol data? The following are two
main possible sources of cloud contamination.

—High concentrations of broken cloudiness may generate
illumination of the aerosol field beyond the 500-m distance
from the clouds [44].

—Athough the cirrus screening eliminates cirrus cloud
contamination above a threshold in cirrus reflectance at
1.38 m of 0.01, some residual cirrus contamination may
remain. The threshold of 0.01 is used in order to avoid
false elimination of high-altitude dust and to allow for
sensor noise [38]

IV. RESIDUAL THIN CIRRUS CONTAMINATION

To study the residual cirrus contamination, we divided the
world into 13 geographic zones [35]: 12 zones are the prod-
ucts of three latitude regions (30 to 60 N; 0 to 30 N; 0 to
30 S) and four longitude belts (0 to 90 E; 90 to 180 E; 0
to 90 W; 90 to 180 W); the 13th is the southern latitude belt
(30 to 60 S). For each zone, a scatter plot was generated that
plotted the AOT as a function of the cirrus reflection at 1.38 m
calculated from the cirrus channel [45] [see Fig. 1 (bottom) for
an example]. Each point in the scatter plots represents a grid
box of 10 km. The average AOT is computed as a function of a
given range of cirrus reflectance (i.e., first point is the average
AOT for cirrus reflectance of 0–0.001, second for 0.001–0.002,
etc.). Cirrus contamination is measured as the elevation of the
AOT above its value for the lowest cirrus reflectance interval.

Assuming that there is no physical relationship between the
AOT and cirrus reflectance, the systematic relationship between
the AOT and cirrus indicates cirrus contamination. The process
is repeated for every zone (ocean only) for the first nine months
of 2004. The results are plotted in Fig. 2. Every point repre-
sents the results of the analysis of Fig. 1 for one zone and one
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Fig. 1. Example of the analysis of cirrus contamination. (Top) Histogram of
the cirrus reflectance measured by MODIS over the globe for one day (April 1,
2004). Each point is the average over a 10-km grid box. Note the logarithmic
scale. (Bottom) Average aerosol optical thickness as a function of a given range
of cirrus reflectance (i.e., first point is the average AOT for cirrus reflectance of
0–0.001, second for 0.001–0.002, etc.). Cirrus contamination is measured as the
elevation of the AOT above its value for the lowest cirrus reflectance interval.

month. There is a significant variation among the zones. The
variation can result from poor statistics, mainly in zones with
small ocean cover, and meteorological coincidental correlation
between the cirrus clouds and aerosols. It can also result from
the cirrus channel detection of high-altitude dust in some of the
zones. Dust located at 3–5 km, with little water vapor ( cm)
left above it, will influence the cirrus observations. Therefore,
to summarize the results, we combine two techniques. One is a
simple average (dashed line) over the 13 zones, and the second
is average of the 25th to 75th percentile among the 13 zones
(solid line). The second method eliminates fluctuations that can
be caused by errors in extreme zones in specific months. The
difference between the two methods of average calculations is
small, meaning that the average is robust. Using the second anal-
ysis as the bench mark, we estimate the average cirrus contam-
ination of

for Terra

for Aqua (1)

The errors in (1) represent standard error due to variability
among the 12 months for Terra and Aqua separately. The
difference between the two satellites is larger and may result
from small differences in their respective calibration.

The cirrus contamination in (1) was derived assuming that
there is no interaction between the aerosol and the cirrus cloud
and that any coincidental correlation will affect only some of
the zones and will be canceled out in the 25th to 75th percentile
average. In fact, since meteorological influence is expected to
vary from month to month, the small standard error in (1) re-
flects their residual influence. To test the analysis further, we
repeated the calculations of the cirrus contamination using only
regions in the tropical Pacific (30 S to 30 N, 90 W to 90 E)
and the Southern Ocean (30 S to 60 S) where most of the
aerosol is low-level oceanic aerosol, less likely to interact with
the cirrus. The results for Terra are that the cirrus contamina-
tion is for the Pacific Ocean and once
the Southern Ocean was included, basically same as the bulk
analysis.

V. CONTAMINATION BY CLOUDS AND CLOUD ILLUMINATION

Broken clouds within or adjacent to the satellite field of
view also may contaminate retrievals of aerosol properties.
As cloud fraction increases within the scene, the potential for
contamination increases. In Fig. 3, we plot the MODIS AOT,
the AERONET AOT and the difference between them, as a
function of the cloud fraction determined by MODIS in the
50-km grid box centered on the AERONET station. AERONET
sunphotometers derive the AOT by observing the attenuation
of sunlight through the atmosphere. Sunlight is three to six
orders of magnitude brighter than the sky or clouds and there-
fore cloud illumination cannot affect the AERONET AOTs.
AERONET also has an independent cloud screening procedure
[46]. Though AERONET also may not be able to screen out
very thin cirrus, the cirrus crystals’ strong forward scattering
of diffuse light into the AERONET sunphotometer field of
view results in only % of the cirrus optical depth being
translated into an increase in apparent optical thickness [47].

Fig. 3 shows a correlation between MODIS AOT “error” and
cloud fraction as defined by the MODIS aerosol algorithm. We
note that this cloud fraction will always overestimate the true
cloud fraction because the MODIS aerosol algorithm rejects
both cloudy pixels and also those pixels adjacent to clouds.
Thus, the global mean cloud fraction of % corresponds in
Fig. 3 to cloud fraction of %, where the corresponding dif-
ference between MODIS and AERONET is and

for Terra and Aqua respectively. Some of the dis-
crepancy between MODIS and AERONET at high-cloud frac-
tions is due to different treatment of cirrus contamination dis-
cussed in Section IV and quantified in (1). Though AERONET
may have similar difficulties as MODIS to screen out thin cirrus,
AERONET measurements are not affected as much by the pres-
ence of thin cirrus clouds; while the MODIS field of view is

AERONET field of view is 1.2 allowing half of the scat-
tering by the thin cirrus clouds to be detected still in the field of
view. Therefore, we can expect AERONET to be affected only
by 50% of the cirrus scattering and therefore only about half of
the values in (1) (0.006 for Terra and 0.009 for Aqua) contribute
to the discrepancy between MODIS and AERONET in Fig. 3.
Thus, noncirrus effects, associated with clouds, are contributing
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Fig. 2. Plot of the cirrus contamination calculated using scatter plots shown in
Fig. 1. The earth was divided into 13 zones. For each, the average contamination
over the ocean is plotted by symbols as a function of the month for 2004.
The solid line is the median contamination calculated as the average of 25th
to 75th percentile among the 13 zones. The dashed line is the simple average.
Top is for Terra and bottom for Aqua.

to elevating the global MODIS AOT retrievals by
for Terra and for Aqua.

What is the origin of the cloud fraction dependence of the
difference of MODIS versus AERONET? One possibility is
that when cloud fraction is high over ocean there is a gradient
from land, where the sunphotometer is located to the ocean with
different meteorological conditions. To investigate this possi-
bility we analyzed separately the difference between MODIS
and AERONET for island stations only. There is no significant
difference between the results, decreasing the probability that a
systematic gradient in cloudiness and aerosol conditions is the
reason.

Another possibility to explain Fig. 3 is that, despite our best
efforts, cloudy pixels are escaping our cloud mask and are being
retrieved as aerosol. A third possibility related to the second
is that clouds are brightening their surrounding pixels, even
beyond the one pixel border that the MODIS algorithm imposes
on the cloud mask. Cloud droplets are orders of magnitude
larger than aerosol particles. Light scattering by large cloud
droplets will be spectrally neutral. Therefore, cloud-contam-
inated retrieved spectral aerosol optical thickness will have
less spectral dependence and be more neutral. We measure

Fig. 3. (Top) Scatter plot of the MODIS aerosol optical thickness over the
ocean and the AERONET-measured AOT as a function of the cloud fraction
at 550 nm. The cloud fraction is defined here as the fraction of the points that
were rejected from analysis by the aerosol algorithm. AERONET spectral
measurements were interpolated to 550 nm using a parabolic fit in a logarithmic
scale [43]. The 3500 points in the comparison were sorted as a function of the
cloud fraction and averaged in groups of 50. (Middle) Same for the Ångström
exponent for AOT � 0:1. (Bottom) The difference between the MODIS
and AERONET measurements for Terra (green) and Aqua (blue). Data are
taken from the MODIS validation over oceanic AERONET sites. The MODIS
measurements are within 25 km of each AERONET station, and the AERONET
data are within 30 min of the MODIS observations. The difference in the AOT,
representing the error in the MODIS measurements, has a systematic
dependence on the cloud fraction. The error dependence on the cloud fraction
is �� = �0:017 + 0:052f , and �� = �0:008 + 0:023f .

spectral dependence with the Ångström exponent , which
defines the slope of ln(AOT) plotted against ln(wavelength).
A larger corresponds to a steeper slope, a greater spectral
dependence and smaller particles. Thus, if cloud contamination
is responsible for the differences in AOT between MODIS and
AERONET in Fig. 3, then we expect two things: 1) as cloud
fraction increases MODIS should decrease and 2) MODIS
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Fig. 4. Comparison of cloud rejection between two algorithms, the AERONET
cloud screening (level 1.5 [46]) and a spectral sensitive cloud screening of
(3) for the month of September 2004 in Lille, France. (Top) The Ångström
exponent as a function of the aerosol optical thickness, for two application
of the new algorithm with h = 0:02 (green circles), additional points for
h = 0:05 [blue circles—see (4)], and for the AERONET level 1.5 data (red
dots). (Bottom) Cumulative histograms of the Ångström exponent for the new
algorithm (green—h = 0:02; blue—h = 0:05), for the AERONET level 1.5
cloud screened data (red), and for all the level 1.0 (before the level 1.5 cloud
screening) data (black).

should decrease more sharply than AERONET. Fig. 3 (middle)
shows the plot of Ångström exponent against cloud fraction for
Terra, Aqua, and their associated AERONET measurements.
The differences between Terra and Aqua can be explained by
calibration differences in the two sensors. There certainly is
a decrease of (increase in particle size) as cloud fraction
increases. However, the differences between MODIS and
AERONET Ångström exponent remain constant for the entire
range of cloud fraction. With this consistency it becomes diffi-
cult to explain the difference between MODIS and AERONET
AOT as simple cloud contamination.

Fig. 5. Scatter plot of the monthly independent average of MODIS (top) Terra
and (bottom) Aqua aerosol optical thickness versus those of AERONET. At least
five daily measurements were required for each sensor to generate the monthly
average. The data are separated into Dust, marine aerosol, smoke, and urban
aerosol. For each range of the AOT, the data are averaged and presented by the
+ sign with standard deviation. The data are summarized in Table I.

VI. CLOUD CONTAMINATION VERSUS AEROSOL GROWTH

To understand the relationships between MODIS and
AERONET optical thickness and Ångström exponent, we need
to address the fundamental problem of how to differentiate
between cloud contamination and variability of the aerosol
optical thickness due to aerosol growth by cloud processes and
humidification. The AERONET and MODIS cloud screening
algorithms may separate cloud contamination from cloud
growth differently. Are the differences in Fig. 3 due to stronger
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Fig. 6. Monthly average aerosol optical thickness values from MODIS Terra (green), Aqua (blue), and AERONET (red and orange), plotted for eight individual
sites as a function of the month of observation. At least five measurements were required to generate each monthly average. Months with smaller number of points
were skipped.

cloud contamination of the MODIS retrievals or more al-
lowance for aerosol growth? We use the AERONET data to
study this issue.

The main tool for AERONET cloud screening [46] is rejec-
tion of AOT variability in two time scales: fast variability of
the AOT in between the three measurements taken 30 s apart
(triplets) at each wavelength separately, and slower variability
among measurements taken 15 min apart. The fast variability
is the main criteria. The algorithm requires that the difference
between the maximum and minimum aerosol optical thick-
ness among the triplet measurements is smaller than 0.02 for
every wavelength. For high optical thicknesses AOT
the threshold is . This algorithm is applied globally to
all aerosol types. For the purpose of this study we design a
modified cloud screening algorithm, that applies to pollution or
smoke aerosol only, by taking advantage of their strong spectral
dependence, and quantifies cloud contamination and aerosol
growth effects.

Assuming that the cloud optical depth is wavelength indepen-
dent and that the aerosol optical depth has a wavelength depen-
dence, we can calculate the contribution of cloud contamination
to variations in the aerosol field separately from variations of the
“true” aerosol. The measured spectral AOT, , with possible
cloud contamination can be written as

(2)

where is the variability between the triplet measurements
or the 15–min measurements of the aerosol optical thickness,
and is the spectral AOT of the bulk of the aerosol.

The cloud contamination is the difference between the mea-
sured aerosol variability at 0.87 m and the variability that cor-
responds to the bulk aerosol spectral dependence

(3)

restricted for Ångström exponent . is the residual
spectrally neutral variability of the AOT measurements. What
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(3) represents is that if the spectral dependence of is sim-
ilar to that of then the measurement is not cloud contam-
inated for any magnitude of the variability . In such case

.
The new proposed cloud screening allows aerosol variability

not to be rejected as cloud, as long as it has similar spectral prop-
erties to the bulk of the aerosol. However, aerosol growth can
also reduce the aerosol wavelength dependence and generate a
positive . Analysis of sunphotometer data in the eastern
U.S. humid and polluted summer environment [48] showed that
changes in the relative humidity can change the Ångström ex-
ponent by up to 0.2, corresponding to %.
Therefore, cloud contamination needs to be defined above a
given threshold of

for m (4)

In Fig. 4, we compare the AERONET original cloud
screening with the new concept for and
or 0.05, for measurements in Lille, France during September
2004. The value of “ ” means that we allow for noise in the
data of not to be called a cloud, and “ ” means that
we allow variability of 100 h% in the wavelength-independent
component of the AOT to be associated with aerosol growth
rather than cloud contamination. In Fig. 4, we also show the
cloud-screened level 1.5 AERONET AOT data and application
of the new algorithm to the level 1.0 data. The new algorithm
included additional points in the variable portion of the day.
On average, for the month of September the new algorithm
had 15% additional points for and 44% more points
for , both possible result of aerosol growth. The
corresponding change in the monthly average of AOT and
Ångström exponent (at 0.67 m) is from (0.145 and 1.22) for
the AERONET algorithm to (0.170 and 1.32) for and
(0.174 and 1.28) for . Note that the new algorithm,
while adding data, also increased the Ångström exponent, by
screening small residual clouds with a finer threshold. There-
fore, differences in the AOT of between MODIS
and AERONET (from Fig. 3) as a function of the cloud fraction
can be equally associated with aerosol growth as with cloud
contamination. However, application of the new algorithm to
dust and dust mixed with smoke or pollution is more complex
and beyond the scope of the present paper.

VII. EFFECT OF THE DIURNAL CYCLE

The MODIS observations take place at a narrow interval of
the diurnal cycle, where Terra crosses the equator southward
about 10:30 local solar time, whereas Aqua crosses northward
about 13:30. Because of the difference in direction, midlatitude
time differences between Terra and Aqua are approximately
1.5 h in the Northern Hemisphere and 4.5 h in the Southern Her-
misphere. The use of MODIS data to represent regional aerosol
burden requires understanding of the diurnal representation of
these two times of the day. A previous analysis of AERONET
data [49] found that there is no statistically significant differ-
ence between the AOT monthly averages, whether they were
taken only around 10:30 or 1:30, or averaged throughout the
day, although a diurnal cycle can exist [50] near aerosol sources

TABLE I
COMPARISON OF TERRA AND AQUA MODIS AEROSOL OPTICAL THICKNESSES

AT 550 nm TO AERONET FOR ALL OCEANIC STATIONS DURING ONE YEAR

2002–2003. EACH DATASET OVER EACH STATION IS AVERAGED MONTHLY

INDEPENDENTLY OF THE OTHERS. THE DATA ARE THEN SORTED BY THE

AERONET AOT AND AVERAGED IN GROUPS OF 8–30. SYSTEMATIC

DEVIATIONS IN THE DIURNAL CYCLE WOULD AFFECT THE DIFFERENCE

BETWEEN THE SATELLITE AND AERONET DATA

that have a strong diurnal cycle like smoke from fires, both pre-
scribed fires in the tropics that are lit in the afternoon and wild
fires that emits more during the day in the presence of strong
winds. Over the oceans, far from aerosol sources [51], we would
expect that either Terra or Aqua aerosol measurements would be
representative of the daily averaged AERONET AOT [49].

In Fig. 5, we test the validity of this hypothesis using the ac-
tual MODIS data from Terra and Aqua on a 1 latitude and lon-
gitude resolution, over several AERONET stations in oceanic
regions. The monthly average value was calculated if there were
at least five days of reported data for each instrument. These are
not collocated data, meaning that the AERONET data contain
information from all daylight hours, not just at the time of over-
pass. Note the possibility that, in high cloudy conditions, data
observed by AERONET, Terra, and Aqua are taken from dif-
ferent days of the month.

The plots in Fig. 5 distinguish among four aerosol types:
dust, smoke, marine, and urban aerosol, based on their loca-
tion/season. The average differences between the MODIS mea-
surements and AERONET are also given in Table I, for all avail-
able AERONET oceanic data during one year in 2002–2003
(Level 2.0 data). On average Terra and Aqua AOTs are higher
than those of AERONET by . Thus, despite dif-
ferent sampling strategies, MODIS can represent AERONET’s
long-term statistics to within the measurement uncertainties of
both instruments.

However, there are differences for both small and large op-
tical thickness conditions. For optical thickness the
difference is both for Terra and Aqua. However,
for high AOTs the MODIS results are lower for smoke and pol-
lution, apparently due to higher aerosol absorption [52], [53],
than that assumed in the MODIS inversion process. For dust the
AOT is slightly higher probably due to the effect of dust non-
sphericity that is not included presently in the aerosol algorithm.
Depending on the scattering angles in the dataset, nonsphericity
can increase or decrease the dust AOT.

In Fig. 6, the comparison of Terra, Aqua, and AERONET
measurements is shown for eight stations as a function of the
month. Differences between Terra and Aqua can either indi-
cate strong diurnal cycle or low density of data. Nes-Ziona in
Israel and COVE in the eastern U.S. represent locations influ-
enced by pollution aerosols. Stations influenced by desert dust
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Fig. 7. Average difference between MODIS- (Terra and Aqua) and
AERONET-derived aerosol optical thickness as a function of the glint angle
and the scattering angle. The averaging is on 200 points with similar glint or
scattering angle. Both averages of the absolute errors (red and pink dashed
lines) and of the actual errors (blue and green solid lines) are shown.

(Capo Verde and Dakhla) show very good agreement between
the measurements, except during the summer months at Capo
Verde where Terra and Aqua report higher values. Tahiti and As-
cension Island are both remote ocean sites; however, the agree-
ment in Tahiti is better than that in Ascension Island where the
satellite data rate is lower in December–March. It is during this
period when biomass burning from Africa affects Ascension Is-
land. Very good agreement is observed over Rome.

VIII. GLINT AND SCATTERING ANGLES

The validation dataset that was used to observe the effect of
cloud on the MODIS aerosol measurements can be also used
to observe the effect of the different glint and scattering angles
on the measurements. In Fig. 7, we plot the average error in the
AOT measurements from MODIS on Terra and Aqua and the
average of the absolute errors as a function of the glint angle and
separately as a function of the scattering angle. The results show
that the glint angle, on average, has no significant effect on the
accuracy. The errors tend to be higher, and therefore the average
of the absolute errors higher as we approach the glint for glint
angle . The dependence on the scattering angle shows
also little dependence with some improvement of the accuracy
for scattering angles as suggested by Chylek et al. [54],
though the density of the data for small scattering angles is very
low. The errors are also lower around a scattering angle of 160 ,
which may be due to lower impact of aerosol nonsphericity.

IX. IMPLICATIONS TO THE USE OF THE MODIS AEROSOL DATA

The accuracy of the MODIS aerosol data has different
implications depending on the application for which they

Fig. 8. Aerosol Ångström exponent [a measure of (solid red line) the aerosol
size] and (dashed blue line) cloud fraction, as a function of the aerosol optical
thickness. Cloud fraction is plotted only for AOT < 0:5 to avoid effects of
aerosol on the cloud fraction [39].

are used. MODIS estimates of regional and global average
aerosol optical thicknesses are sensitive to cloud contamina-
tion. For 2001–2003 the MODIS average AOT over the ocean
[35] weighted by the cloud-free area is (the
unweighted value is 0.14), while several chemical transport
models [55]–[57] estimate , where 0.005 is the
deviation among the three models. The present analysis shows
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cloud contamination of for cirrus. The differ-
ence between MODIS measurements and AERONET shows
dependence of the AOT on the cloud fraction that may indicate
additional cloud contamination of AOT of or
can indicate different sampling of the effects of aerosol growth
by the two algorithms. Therefore, the total cloud contamination
is estimated to be at most , with a more likely
estimate closer to 0.020 after accounting for the probability of
aerosol growth issues. This reduces the difference between the
MODIS global measurements over the oceans and the transport
models from 0.04–0.05 to .

Another range of applications is the observations of aerosol
influence on other atmospheric constituents, e.g., on the cloud
microphysics and cloud development [29], [58], [59]. In such
studies the cloud parameter is plotted as a function of the AOT,
assuming that the change in the AOT represents the true increase
in the aerosol load. In Fig. 3 we analyzed the dependence of pos-
sible cloud contamination on the cloud fraction. For example, an
increase in cloud fraction of 0.25 can cause a maximum increase
in the observed AOT of 0.01, independent of the values of the
AOT.

Here we test this conclusion by using an additional mea-
sure of aerosol derived by MODIS, namely the change in the
Ångström exponent as a function of the AOT. Cloud contam-
ination is expected to have neutral spectral reflectance due to
the large size of cloud droplets, thus reducing the Ångström ex-
ponent. If cloud contamination is an important factor in vari-
ation of the aerosol AOT, then we can expect the Ångström
exponent to decline as a function of the increase in AOT. In
Fig. 8, we plot the Ångström exponent and the cloud fraction
as a function of the AOT, for three latitude zones of the Atlantic
ocean analyzed for June–August 2002. Each point represents
average on 50 daily values, with similar AOT in 1 resolution.
This analysis differs from the previous analysis in Section V and
Fig. 3(b) in that the previous analysis was confined to points
collocated with AERONET stations, and here we use all avail-
able midocean data of the Atlantic basin for the period indicated.
Before we were looking for discrepancies from AERONET as
cloudiness increased. Here we are looking for relationships be-
tween aerosol size and aerosol optical thickness. In all cases for
AOT , as AOT increases the Ångström exponent increases
or remains constant (for dust). The increase is due to transi-
tion from pure marine aerosol with Ångström exponent around
0.3 to smoke, or pollution with Ångström exponent of 1.0 or
higher. Therefore, the increase of AOT cannot be explained by
increase of cloud contamination or contamination from illumi-
nation from cloud sides. For the pollution zone (30 to 60 )
for AOT the Ångström exponent decreases. However,
the cloud fraction is constant or decreases also. Therefore, this
cannot be explained by cloud contamination but rather aerosol
growth.

X. CONCLUSION

We found a residual cloud contamination, in particular very
thin cirrus on the MODIS aerosol optical thickness (AOT), de-

spite the MODIS unique cirrus detection channel, and vigorous
spatial-spectral cloud rejection. Unresolved cirrus contributes

to the global aerosol average aerosol optical thick-
ness over cloud-free oceans. An additional of
excess optical thickness is associated with cloudy conditions;
however, it is difficult to distinguish with present data between
broken-cloud contamination and aerosol growth. Though the
total contamination of is essential in using the
satellite data to evaluate aerosol simulated by global chemical
transport models, it is not detrimental in addressing aerosol ef-
fect on cloud microphysics, albedo, and precipitation. We also
found the aerosol to show overall a weak diurnal cycle, though
a strong diurnal cycle is expected in the vicinity of sources with
a strong diurnal variability.
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